The development of high-resolution Fabry-Pérot interferometers has enabled a wide range of scientific and technological advances-ranging from the characterization of material properties to the more fundamental studies of quasiparticles in condensed matter. Spectral contrast is key to measuring weak signals and can reach a 10 3 peak-to-background ratio in a single-pass assembly. At its heart, this limit is a consequence of an unbalanced field amplitude across multiple interfering paths, with an ensuing reduced fringe visibility. Using a high-resolution, high-throughput virtually imaged phased array spectrometer, we demonstrate an intensity-equalization method to achieve an unprecedented 1000-fold increase in spectral contrast in a single-stage, single-pass configuration. To validate the system, we obtain the Brillouin spectrum of water at high scattering concentrations where, unlike with the standard scheme, the inelastic peaks are highly resolved. Our method brings the interferometer close to its ultimate limits and allows rapid high-resolution spectral analysis in a wide range of fields, including Brillouin spectroscopy, mechanical imaging, and molecular fingerprinting.
I. INTRODUCTION
Fabry-Pérot (FP) interferometers have been extensively used in optical spectroscopy to measure small spectral variations with a sub-GHz (< 0.03 cm −1 ) resolution, in turn enabling biological and chemical sensing, material analysis, and light-source characterization. For example, Brillouin light-scattering spectroscopy uses FP interferometers and etalons to measure mechanical properties of materials such as stiffness [1, 2] , phase transitions [3] , relaxation dynamics [4] , and elastic constants [5, 6] .
The limit on the spectral contrast achievable by standard FP interferometers and etalons is ultimately dictated by the transmission Airy function describing the intensity profile of the far-field interference pattern. Specifically, the Airy function results from the Fourier transform of the output exponentially decaying field [ Fig. 1(a) ], which gives rise to Lorentzian peaks characterized by long frequency tails, decaying as ν −2 , that limit the contrast [7, 8] [ Fig. 1(b) ]. At its origin, this limit arises from an unbalanced field amplitude of the multiple interfering beams, with an ensuing reduced fringe visibility.
We present a method for greatly increasing the spectral contrast of a Fabry-Pérot spectrometer by equalizing the interfering transmitted field components. Using a Gaussian equalization, we achieve a 1000-fold increase in spectral contrast in a commercial high-transmission single-stage, single-pass spectrometer.
Our equalization technique is demonstrated on a virtually imaged phased array (VIPA), a parallel FP etalon where the input beam is focused to an antireflection (AR) dielectric-coated window that minimizes insertion losses [9] . Although standard multipass FP spectrometers typically provide higher contrast and resolution, the VIPA is especially important because it manifests a superior (> 50%) throughput efficiency and performs a scan-free detection of the light spectrum on a single CCD frame. Given their rapid (< 1 s) spectral acquisition, VIPA etalons have enabled the extension of Brillouin spectroscopy into a promising imaging technique for noninvasively assessing the biomechanics in the volume of biological systems [10] [11] [12] . Moreover, VIPA etalons have been used in molecular fingerprinting to separate the stabilized frequency comb of a femtosecond laser [13] . As in a standard FP interferometer, the multiple internal reflections within the VIPA cavity yield the phase conditions for interferometrically separating the input spectral components.
II. METHODS

A. Transmission functions
Figure 1(c) plots the etalon Airy function compared with a transmission function given by an equalized intensity profile. The sum of the N exponentially decaying fields transmitted by an etalon [ Fig. 1(a) ] gives the total amplitude:
where R ¼ jrj 2 and T ¼ jtj 2 are the reflection and transmission intensity coefficients, respectively, and δ is the phase delay of the incident beam in a single-cavity pass. As a result, the total transmitted intensity distribution is given by
Equation (2) is the well-known Airy function describing the intensity profile of the total transmitted field of a Fabry-Pérot interferometer or etalon. In turn, our equalized transmission function I eq arises from fields forming a Gaussian amplitude profile at the output [ Fig. 1(d) ] and sharing the same phase pattern of the standard case,
where j 0 and σ are the center and the width of the Gaussian profile [ Fig. 1(c) ]. Given the much faster decay of the tails of a Gaussian function than those quadratics present in a Lorentzian function, our equalized transmission profile manifests up to a 1000-fold increase in the peak-to-background ratio with respect to the standard Airy function.
B. Experimental details
The high flatness and parallelism required across the surfaces of the VIPA cavity impose the application of a homogeneous reflection coating on both etalon surfaces. An ideal Gaussian reflectivity profile at the output surface of the VIPA etalon would, indeed, involve the application of several dielectric coating layers varying the effective cavity-optical path lengths-and thus the phase pattern of the output field-which, in turn, would lead to a complex, nonperiodic interference pattern. An attempt to apodize VIPA spectrometers was made using linear-variable neutral-density filters [14] . However, despite a smoothed beam shape, the improper linear transfer function results in an unbalanced intensity profile with an ensuing limited contrast gain. To overcome these limitations, we integrate a spatial light modulator (SLM) to shape the output beam of the VIPA [ Fig. 1 The light beam of a single-longitudinal-mode laser (Coherent Verdi, λ ¼ 532 nm) is delivered by a standard single-mode (SM) fiber (Thorlabs, p3-460b) and focused by a cylindrical lens (f ¼ 200 mm) to a line at the ARcoated window of the VIPA etalon (LightMachinery), which had a free spectral range (FSR) of 30 GHz (1 cm −1 ). The SLM (Holoeye Pluto) is set in amplitude mode through an appropriate choice of the input (P 1 ) and output (P 2 ) polarizers. To find the optimal Gaussian profile of the modulated beam, the SLM intensity mask is adjusted 
Phase delay (δ 10 according to the minimal uncertainty given by a realtime least-squares fitting of the beam. The resulting Gaussian beam is Fourier transformed by a spherical lens (f ¼ 200 mm) so as to separate the interference orders and to yield the final spectral pattern, which is acquired from a multichannel CCD camera (Photometrix Prime) in a single frame. Figure 2 (a) compares the natural field of the VIPA acquired at the output plane (π 1 ) with the equalized field given by the SLM (the π 2 plane). An integrated line profile of the two fields with their relative intensities is illustrated in Fig. 2(b) . The output field of the etalon shows an exponentially decaying profile as a result of the multiple internal reflections occurring inside the etalon cavity. In turn, the equalized field given by the SLM shows a Gaussian profile. The appropriate transfer function [ Fig. 2(c) ] is applied to the SLM intensity mask during the modulation process, giving a Gaussian fit of R 2 > 0.99 [ Fig. 2(d) ] and an integrated intensity loss of approximately 58%. This loss may be strongly reduced by using an alternative phase mask with the SLM operating in phase rather than in amplitude mode, but a change in the phase distribution of the output beam would also affect the resulting interference pattern. Considering the additional losses (typically of approximately 40%) arising from the VIPA etalon, we estimate the overall system-throughput efficiency to be more than 25%. Figure 3 shows the spectral contrast measured with both a standard and an equalized single-stage VIPA configuration. To overcome the limited dynamic range of the CCD camera, we use a set of calibrated neutral-density (ND) filters and reconstruct the spectral profiles according to the filter attenuation levels. The spectral contrast given by the single-stage VIPA spectrometer is measured to be approximately 32 dB at half FSR, in line with previous reports [15] . In turn, the contrast obtained through the Gaussian equalization is measured to be approximately 60 dB, corresponding to a more-than-25-dB gain with respect to the standard setup and in agreement with our theoretical predictions. The spectral resolution of both setups is measured to be about 800 MHz, corresponding to a finesse of approximately 40 and a resolving power of approximately 8 × 10 5 .
III. RESULTS
The enhanced contrast of our spectrometer is demonstrated in a Brillouin light-scattering scheme, where both high spectral resolution and high contrast are key to measuring the weak-inelastic Brillouin peaks. Brillouin spectra of a water-milk solution are acquired in a fraction of a second at different milk concentrations with both the standard [ Fig. 4(a) ] and the intensity-equalized [ Fig. 4(b) ] single-stage VIPA spectrometer. The spectrum given by distilled water is typically characterized at room temperature by a side Stokes and an anti-Stokes Brillouin peak, and a central Rayleigh peak of lower intensity. This spectral profile is clearly observed in both configurations, where the Brillouin shift is measured to be ν B ¼ 5.05 AE 0.03 GHz, in agreement with previous reports [16] . As the scattering milk concentration increases [ Fig. 4(c) ], the Rayleigh peak The spectral profile is reconstructed using a set of calibrated ND filters. The contrast given by our spectrometer is measured to be approximately 60 dB at half FSR, corresponding to a more-than-25-dB increase with respect to the contrast given by a standard single-stage VIPA spectrometer.
associated with the elastic component of the spectrum exhibits a sharp growth. At 10 −4 milk concentration, the Brillouin peaks cannot be measured by the standard singlestage VIPA spectrometer, where the elastic background completely overwhelms the spectral lines due to a lack of contrast [ Fig. 4(a) ]. Conversely, the Brillouin peaks are still highly resolved as the intensity equalization is applied, demonstrating the higher contrast of our system [ Fig. 4(b) ].
As a further example, Fig. 4(d) shows a typical spectrum of glycerol characterized by a naturally stronger Rayleigh peak and substantially weaker Brillouin peaks than those arising from standard liquids, as dictated by the LandauPlaczek ratio [17] . Brillouin shift is measured to be ν B ¼ 10.62 AE 0.04 GHz, in agreement with previous reports [18] . These findings validate our system as a robust high-contrast spectrometer.
IV. DISCUSSION AND CONCLUSION
Spectral contrast is a key ingredient for the detection of weak spectral components arising from light-matter processes. For example, inelastic spectral lines associated with shear and surface waves of solid-state materials, such as glasses, are typically several orders of magnitude weaker than the elastic Rayleigh peak and cannot be detected by a single FP interferometer due to the poor contrast [19] , thus leaving a stark lack of fundamental information. Many schemes, such as destructive interference [20] , line absorption [21] , and FP bandpass filtering [22] , have been proposed to suppress the elastic component of the spectrum when strong Rayleigh scattering and specular reflections are collected by the system. Nevertheless, these approaches leave the spectral contrast unvaried. Current methods for increasing the spectral contrast involve the use of multiple spectral devices, such as FP etalons and diffraction gratings, placed in a series and operating in a beam multipassing mode [23] [24] [25] . For example, the gold-standard spectrometer of the Sandercock type is composed of a tandem of scanning FP interferometers working in a triplepass configuration, which can reach a peak-to-background ratio of up to 10 15 and a finesse of 60 [26] . A similar approach is proposed using multistage VIPA etalons, where an approximately-55-dB spectral contrast is given by a crossed dispersion axis [15] . However, multistage spectrometers involve a large number of optical and mechanical components, which make them expensive, unstable, and low efficient.
The equalization technique discussed here hinges on a basic interferometric principle that can achieve high spectral contrast and a sub-GHz resolution without involving complex multistage architectures. Furthermore, involving an alternative path-equalization scheme, it can be independently combined with the other spectralcontrast-enhancement techniques developed in the last decades. Our method, therefore, can set a standard for rapid, highly efficient, low-cost spectral analysis in a wide range of topics, including Brillouin microscopy, atomic clocks, precision spectroscopy, and molecular fingerprinting.
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